This study describes the use of a newly constructed set of primers that amplifies an U-base pair (bp) segment of Borrelia burgdorferi chromosomal DNA. This 85-bp product is not produced when other Borrelia species, Leptospira, or other bacteria are subjected to polymerase chain reaction (PCR). We also describe a rapid method of optimizing the amplification of B. burgdorferi DNA from canine ethylenediaminetetraacetic acidtreated blood and urine samples that circumvents some of the problems encountered due to low number of spirochetes in clinical specimens and that removes inhibiting substances, which improves the PCR diagnosis of canine Lyme borreliosis.
Lyme borreliosis (LB), caused by the spirochete Borrelia burgdorferi, is transmitted primarily by various species of ixodid ticks. Seroepidemiologic data indicate that the disease is worldwide in distribution, although published reports of clinical illness in humans and animals have been most frequently from North America 20, 34 Lyme borreliosis is presently the most com-. monly reported arthropod-borne disease of humans in the United States. 34 Despite discovery of the etiologic agent of LB in 1982 and subsequent elucidation of the multisystemic manifestations of the disease in humans, confirmation of diagnosis is still problematic. Uncertainty in confirming the diagnosis results from difficulties in interpretation of serologic data. In both human and veterinary medicine, typical clinical signs combined with elevated serum IgG and/or IgM antibody titers to B. burgdorferi, detected by enzyme-linked immunosorbent assay (ELISA) or immunofluorescent assay (IFA) methods, and response to appropriate antibiotic therapy have been used to make a presumptive diagnosis of LB. 3, 8, 17, 19, 30 In dogs, the use of the B. burgdorferi bacterin increases specific serum IgM and IgG Borrelia antibody titers, making antibody measurements in vaccinated dogs an unreliable indicator of exposure to or infection with B. burgdorferi. 2 , 3 3 Definitive confirmation of current infection with B. burgdorferi would involve cultivation of the organism, which requires the use of a special medium (BSK II) and often takes weeks to months for positive results. 1 Furthermore, tissues and body fluids for Borrelia cultivation have low cultivation frequencies. 3l Therefore, isolation of the organism is not practical for the routine, rapid screening required of clinical specimens.
The polymerase chain reaction (PCR) method of DNA detection is a sensitive and specific means of amplifying target DNA sequences. 5, 22 It has been used to amplify segments of B. burgdorferi chromosomal and plasmid DNA from in vitro or clinical specimens. 4, 10, [12] [13] [14] [15] [16] 18, 21, 24, 27, 28, 34 When PCR has been employed to detect B. burgdorferi in biological samples (blood, urine, cerebrospinal fluid, and synovial fluid), the reaction has decreased sensitivity, presumably due to inhibitory substances (primarily in blood and urine). 10, 12 This report describes the construction of a novel primer pair that amplifies an 85-base pair (bp) fragment of B. burgdorferi chromosomal DNA and not that of other Borrelia or different genera of bacteria. The use of sample preparation and optimization of the PCR reaction to increase its sensitivity in detecting B. burgdorferi in biological specimens is also described.
Materials and methods

Preparation of samples containing whole bacteria and bacterial DNA
The DNA extraction was performed by pelleting the organisms and resuspending the pellet in 200 µ1 of Tris-ethylenediaminetetraacetic acid (EDTA) (TE), mixing the sample with an equal volume of phenol, vortexing, and centrifuging for 5 min at 16,000 relative centrifugal force (RCF). The aqueous phase was removed and mixed with an equal volume of chloroform then vortexed and centrifuged as above. The supernatant was removed and mixed with 2.5 x volume of absolute ethanol and cooled to -70 C for 20 min. The sample was then centrifuged for 10 min at 16,000 RCF. The DNA pellet was removed and resuspended in 200 µ1 of TE. The final DNA concentration of each bacterial isolate was determined by optical density techniques.
Whole bacterial organisms were harvested from culture media or TE by centrifuging the sample and pelleting the organisms. The supernatant was removed, and the pellet was resuspended in 200 µ1 of TE. The organisms were enumerated in a Petroff-Hausser counting chamber, and the number of organisms was adjusted by dilution with TE. The types and concentrations of organisms used in each experiment are listed in the respective section of the text.
PCR
Primer construction. Based on the published genetic sequence of B. burgdorferi and B. hermsii, 27 a primer pair was designed to amplify an 85-bp fragment of B. burgdorferi (strains B31 and G2) DNA and not B. hermsii DNA. The 85-bp product spans nucleotides 245-330 on the B. burgdorferi chromosome. The genetic sequence of primer AB1 is 5'-CATACTCTTTAAAAGATAAAT-3' and that of primer AB2 is 5'-TCCAAAAGATGCTAAAATTGCAGA-3'. The primers were synthesized in a DNA synthesizer" using conventional phosphoramidite chemistry.
Reaction conditions. Each 100-µ1 PCR sample contained 0.1 µg of DNA of both primers AB1 and AB2, 1 µI of DNTPs, b 0.5 µ1 Taq DNA polymerase, c and 10 µ1 of PCR buffer at optimal MgCl 2 concentration. If purified DNA was used as the target DNA, 1 µ1 of sample was added. If whole organisms were used, 5 µ1 of sample was added. Distilled water was added in either case to make up a volume of 100 µ1, followed by a paraffin oil overlay. All reactions were performed in 0.5-ml polypropylene tubes d and cycled in 5 steps in a programmable thermal cycler e as follows: 1) 94 C for 5 min, 2) 94 C for 1 min, 3) optimal annealing temperature for 30 sec, 4) extension at 72 C for 1 min, and a final cooling step of 4 C. Steps 2-4 were repeated for 35 cycles. All samples were performed in triplicate. A 9-µ1 portion of each sample was removed, mixed with 1 µ1 of ethidium bromide, and subjected to gel electrophoresis for 30 min at 50 mA using a 4% agarose gel. Bands were visualized with ultraviolet light.
Optimization of the PCR
Annealing temperature. Primer pairs AB1 and AB2 were used in a 100-µ1 PCR to evaluate annealing temperatures of 50, 55, and 60 C. All reactions were identical to those listed above.
MgCI 2 PCR buffer concentration. Effects of changing the
MgCl 2 concentrations (20, 30, 40, and 50 mM) of the 10 x PCR buffer were evaluated for primer pair AB1/AB2. Each reaction was performed at an annealing temperature of 55 C. The 10 x PCR buffer contained 500 mM KCl, 100 mM Tris HC1 (pH 8.4), 20-50 mM MgCl 2 , and 1% Triton X-100. f Based on the results of these reactions, the standard PCR used in the remainder of the experiments utilized a MgC1 2 concentration of 40 mM and an annealing temperature of 55 C. All reactions were run in triplicate and utilized primer pair AB1/AB2. In each PCR, a water negative control was included.
Specificity of the PCR
Strains of B. burgdorferi. The primer pair was evaluated with regard to its reactivity with 3 different strains of B. burgdorferi. Purified DNA samples from the Guilford A, g 9-89, g JD-1, h H136 SK, h and SH2-82 h strains were reacted using 1 µ1 volumes of DNA in the standard PCR. The final DNA concentration of each strain of B. burgdorferi ranged from 0.3 to 0.45 pg/µl. A 1-µ1 aliquot of each test sample was added to each 100-µ1 PCR.
Different Borrelia species. The primer pair was evaluated with regard to its specificity with DNA i from the following Borrelia species: B. anserina, B. turicatae, B. coriaceae, B. parkerii, B. hermsii, and B. burgdorferi . The DNA content of the different Borrelia ranged from 0.24 to 0.31 µg/µl. A 1-µl sample of each DNA test specimen was added to the 1000-µ1 PCR.
The reaction was repeated using the hot-start 7 technique, whereby the test sample and all the reagents, except Taq DNA polymerase, were added to the PCR and placed in the thermal cycler. The cycling conditions were as follows: 1) 94 C for 4 min, 2) 55 C for 30 sec, 3) 71 C for 2 min (at this step the Taq DNA polymerase was added), 4) 74 C for 1 min, 5) 94 C for 1 min, 6) 55 C for 30 sec, 7) 72 C for 1 min, 8) repeat of steps 5-7 35 times, and 9) final cooling to 4 C.
Different Leptospira interrogans serovars. The primer pair was evaluated with regard to its reactivity with whole Leptospira interrogans serovars j and with leptospiral DNA. Borreha burgdorferi whole organisms and DNA were used as the positive control. The following serovars of Leptospira were evaluated: brataslava, canicola, grippotyphosa, hardjo, icterohaemorrhagiae, and pomona. Leptospiral DNA was prepared by phenol/chloroform extraction and ethanol precipitation techniques described above. The DNA concentration in the samples ranged from 0.17 to 0.2 µg/pl. When whole organisms were used, the concentration of organisms in the sample was adjusted to > 100,000 organisms/ml. In each PCR, 1 µ1 of leptospiral DNA or 5 µ1 of suspended whole Leptospira organisms was used. The reaction was repeated using the hot-start technique.
Other bacteria. The primer pair was evaluated with regard to its reactivity with the following bacteria k isolated from clinic specimens: Escherichia coli, Pasturella multocida, Pseudomonas variabilis, and Staphylococcus intermedius. Borrelia burgdorferi DNA or whole organisms were used as the positive control. Bacterial DNA was prepared from whole organisms as described above. The concentration of bacterial DNA ranged from 0.2 to 0.26 µg/µl. To each 100-µ1 PCR, 1 ,µl of test sample was added. The samples containing whole organisms were prepared as described above, and 5 µ1 of these test samples was added to each 100-µ1 PCR.
Sensitivity of the PCR
Samples containing 10 3 , 10 2 , and 10 B. burgdorferi organisms/ml were prepared by serially diluting stock cultures in TE. Organisms were enumerated in a Petroff-Hausser counting chamber. A 5-µ1 aliquot of each of these samples was added to the 100-µ1 PCR.
Processing techniques for biological specimens
No pretreatment. Blood and urine specimens were obtained using sterile technique from a dog that tested seronegative (for both IgM and IgG) for B. burgdorferi. Whole B. burgdorferi organisms were added to 1 -ml samples of fresh EDTA-anticoagulated blood to attain 900, 450, 225, 112.5, and 56.25 organisms/ml. One-milliliter samples of urine were 1 2 3 4 5 6 7 8 prepared, with B. burgdorferi added to attain concentrations of 500 and 100 organisms/ml. Whole EDTA blood and urine samples containing various organism concentrations were subjected to PCR with no pretreatment of the samples. Corresponding samples of the EDTA blood and urine that did not contain any organisms were used as negative controls. All samples were subjected to PCR under the conditions described above. Borrelia burgdorferi whole organisms (10 3 organisms/ml) suspended in saline solution were used as the positive control for the reaction.
Pretreatment with protease. A 20-µ1 aliquot of the blood and urine sample dilutions was added to 50 µ1 of 100 mM protease 1 and 150 µ1 of PCR buffer (without MgCl 2 ). Samples of EDTA blood and urine that did not contain any organisms were subjected to the same pretreatment and were used as negative controls. The reaction mixtures were covered with paraffin oil and heated to 94 C for 30 min then to 96 C for 5 min, then cooled to 4 C. A 5-µ1 aliquot of these proteasetreated samples was added to the standard PCR.
Pretreatment with silica-polyvinylpyrrolidone and protease. A 20-µ1 aliquot of the blood and urine samples containing organisms and 20-µ1 samples of corresponding blood and urine specimens that did not contain organisms were added to 72.5 µ1 of silica-polyvinylpyrrolidone (silica-PVP) m and 50 µ1 of 0.35 M NaCl. These samples were centrifuged for 10 min at 4,000 RCF. The supernatant of the blood samples was removed from the erythrocyte pellet and added to 50 µ1 of protease and 150 µ1 of PCR buffer (without MgCl 2 ). If a pellet was observed in the urine samples, the supernatant was removed and added to the protease solution. If no pellet was observed, the entire sample was added to the protease solution. The samples were heated and cooled as described above and centrifuged for 10 min at 4,000 RCF. A 5-µ1 aliquot of the aqueous phase, located below the oil layer, was removed and added to the standard PCR.
Results
PCR
The novel primer pair described in this study consistently amplified an 85-bp fragment of B. burgdorferi chromosomal DNA. Primer dimers that formed if too much primer DNA was added to the reaction were located near the 85-bp region. If 0.1 µg of each primer was used per 100-µ1 PCR, no primer dimers were formed.
Optimization of the PCR
Annealing temperature. An annealing temperature of 55 C produced the strongest band. A faint band was observed at an annealing temperature of 50 C. No band was observed at an annealing temperature of 60 C. MgCl 2 PCR buffer concentration. An MgCl 2 concentration of 40 mM was optimal. No band was observed at a concentration of 20 mM, a faint band was observed at a concentration of 30 mM, and a moderate band was observed at a concentration 50 mM.
Specificity of the PCR
Strains of B. burgdorferi. The primer pair amplified an 85-bp fragment of DNA from all 3 strains of B. burgdorferi.
Different Borrelia species. The primer pair amplified some large (>400 bp) DNA fragments of B. turicatae, B. parkerii, B. anserina, B. coriaceae, and B. hermsii. However, no bands were observed in the 85bp region (Fig. 1) . When the hot-start technique was applied to this reaction and Taq DNA polymerase was not added until the reaction mixtures reached 71 C, this nonspecific amplification was eliminated (Fig. 2) .
Leptospira interrogans serovars. No amplification
of leptospiral DNA was observed when whole organisms were reacted in the PCR. When purified DNA was reacted, some large (> 400 bp) amplification products were observed with serovars hardjo and pomona.
However, none of these bands were in the 85-bp region. When the hot-start technique was applied, this nonspecific amplification was eliminated (Fig. 3 ).
Other bacteria. No amplification of bacterial DNA
was observed in the 85-bp region when either whole organisms or purified DNA samples were reacted in the PCR. When purified DNA was reacted, some large (> 400 bp) amplification products were observed with E. coli, Pasteurella multocida, and Pseudomonas variabilis (Fig. 4) . These products persisted despite the use of the hot-start technique. 
Sensitivity of the PCR
The primer pair was consistently able to amplify DNA in 5 -µl aliquots containing 10 3 or 10 2 organisms/ ml. In 1 of the 3 reaction trials, B. burgdorferi DNA was amplified from the sample containing 10 organisms/ml. dorferi DNA in the EDTA blood sample containing 900 organisms/ml (Fig. 6 ). Borrelia burgdorferi DNA could not be amplified from either of the urine samples. No DNA amplification was observed in the blood and urine samples that did not contain organisms.
Processing of biological samples
Pretreatment with silica-PVP andprotease. The additional treatment of the samples with silica-PVP followed by protease denaturation permitted amplification of B. burgdorferi DNA in all of the EDTA blood samples (Fig. 7) . Borrelia burgdorferi DNA was amplified in both of the silica-PVP/protease-treated urine samples. No DNA was amplified from the blood and urine samples that did not contain organisms. 
Discussion
The polymerase chain reaction is a highly sensitive and specific means of DNA amplification. 5, 22 Due to the rapidity of the reaction, it can be applied to the routine, rapid screening of clinical samples. Because PCR involves propagation of specific genetic material, when used in the diagnosis of an infectious disease it allows determination of current infection with the organism. Thus, PCR has been used by a number of investigators to diagnose infectious diseases, including LB.
The sequence of the primer pair that was developed and used in this study was chosen because the sequence is present in the chromosomal DNA of both an American isolate (B31) and a European isolate (G2) of B. burgdurferi but not in B. hermsii, the most closely related Borrelia species. 27 A chromosomal DNA sequence was used because amplification of plasmid sequences is an unreliable indicator of B. burgdorferi infection due to several factors, including cross-reactivity with plasmid DNA in other Borrelia species, variability of the plasmid genetic sequences, and residence within different strains of B. burgdorferi. 4,10,12,14,18,21,27,35 However, the amplification of the B. burgdorferi OspB plasmid gene appears to be more specific than that of the OspA plasmid gene. 4,18 Other investigators have developed and successfully utilized primers that amplify other segments of B. burgdorferi chromosomal DNA in the diagnosis of LB. 15, 24, 27, 28 We constructed some of the primers used by Rosa and colleagues (a/a' and f/f') 27,28 and compared the sensitivity of amplification of these primers to the novel primer pair described in this study. The primer pair defined in this report was more sensitive (data not shown) than the primers described by Rosa and coworkers, a conclusion based on the former primer's ability to detect lower concentrations of organisms in biological samples.
Conceptually, PCR appears to be a highly specific method of specific DNA detection. However, there is a potential for amplification of nontarget DNA. 25 Research into reaction parameters that optimize the stringency of DNA primer hybridization and target DNA amplification has demonstrated that higher annealing temperatures increase the sensitivity and specificity of the reaction. 7, 9, 25 Other variables that may affect the sensitivity and specificity of the PCR include the MgC1 2 concentration, cycle times, and variation in the number of cycles in the reaction. 7, 9, 25 Optimum reaction parameters must be demonstrated for each individual primer pair. Our study indicated that a MgCl 2 buffer concentration of 40 mM and an annealing temperature of 55 C were optimum for primer pair AB1/AB2. This optimal buffer concentration is higher than that used in most PCR; the reason for this is unknown.
Similarly, the amount of each primer that should be added to the reaction must be determined for each primer pair. In this study, if >0.1 µg of each primer was used per 100-µ1 PCR, primer dimers were formed. Primer dimers are amplification artifacts that occur most commonly when many cycles of amplification are performed on a sample containing few initial copies of the template DNA. 29 The primer dimer is a doublestranded fragment whose length is close to the sum of the two primers. Because the desired amplification product of primer pair AB1/AB2 was only 85 bp and the primer dimers formed in this reaction (approximately 40-60 bp) were close to the 85-bp region, if positive control samples were not compared with samples that contained primer dimers, false interpretation of a positive reaction could occur. The problem of primer dimer formation was eliminated by adjusting the amount of each primer added to the PCR.
Primer pair AB1/AB2 was specific for the amplification of B. burgdorferi DNA, and there was minimal cross-reactivity with other Borrelia species, Leptospira, and other common bacteria. The bacteria chosen for evaluation in this study were selected because they are common canine urinary tract pathogens, skin or oral cavity inhabitants, or closely related spirochetes. Clinical symptomatology of canine leptospirosis is very different from that of canine LB. Nonetheless, because of the prevalence of canine leptospirosis in certain regions 26 it is important that primers used in the diagnosis of canine LB not amplify segments of leptospiral DNA. Similarly, because of the presence of both symptomatic and asymptomatic canine bacterial infections, amplification of other nonspirochetal bacterial DNA must be avoided. Although the primer pair that was developed and evaluated in this study did produce some nonspecific amplification of non-B. burgdorferi DNA, none of the amplified products were in the 85bp region. Therefore, primer pair AB1/AB2 is suitable for use in the diagnosis of canine LB. Use of the hot-start technique eliminated nonspecific DNA amplification. The hot-start method involves the addition of an essential reagent (primers, Taq DNA polymerase) to the reaction after it has reached high (>70 C) temperatures. 7 By adding the primers or the Taq DNA polymerase at higher temperatures, nonspecific annealing and subsequent polymerization are avoided.
In previous reports, 4,10,12,14,15 the amplification of B. burgdorferi DNA in biological specimens such as blood and urine has been inconsistent. In patients found to be spirochetemic, the number of organisms/per milliliter of blood has been estimated to be extremely low. 23 However, the number of organisms shed in the urine is believed to be slightly higher. 10 Therefore, methods that improve sensitivity and concentrate the number of organisms in a given sample are extremely important.
Borrelia burgdorferi may adhere to platelets or erythrocytes, and hemoglobin is known to interfere with PCR. 10,12 Malloy and colleagues reported the amplification of B. burgdorferi DNA in EDTA plasma and urine of laboratory-prepared canine samples and naturally infected dogs. 21 These investigators found that boiling the samples prior to DNA amplification removed the suspected inhibiting substances. 21 In the present study, amplification of B. burgdorferi DNA from EDTA plasma, EDTA whole blood, and urine specimens using primer pair AB1/AB2 and with boiling as the only pretreatment was not successful. The Additional use of silica-PVP/protease pretreatment of blood and urine samples clearly improved the sensitivity of the reaction. Silica-PVP, a colloidal solution of silica particles of various sizes coated with bound PVP, is an inert density-gradient medium that has been used previously for platelet isolation from canine EDTA blood samples. 11 When used on EDTA blood samples, the silica-PVP treatment precipitates the erythrocyte fraction and thus removes the inhibiting effects of hemoglobin. It may also dissociate the spirochetes from the erythrocytes. Presumably, it also concentrates the spirochetes in the supernatant. Further treatment with protease followed by heating and cooling the sample denatures the proteins and inactivates the protease, respectively. Centrifugation precipitates the protein components, and the silica-PVP gradient helps concentrate the DNA in the aqueous phase. A similar effect probably occurs when urine specimens are treated in this manner. Previous investigators have reported detection of 2.5 and 10 organisms in urine and blood samples, respectively, but dilution and volume determinations were not sufficient to compare methodologies 10, 21 In this study, we were able to consistently detect 112.5 organisms/ml of EDTA blood and 100 organisms/ml of urine when 20-4 aliquots of these samples were subjected to silica-PVP/protease pretreatment. These figures equate to approximately 2 organisms/20-µ1 aliquot of EDTA blood and 10 organisms/20-µl aliquot of urine added to the silica-PVP/ protease pretreatment. In 1 out of 3 reaction trials, we were able to detect as few as 56.25 organisms/ml of EDTA blood, equal to approximately 1 organism/20-µ1 aliquot of EDTA blood subjected to silica-PVP/ protease pretreatment. Although not attempted in this study, a further increase in sensitivity could probably be obtained by performing DNA extraction with phenol/chloroform and DNA precipitation with ethanol on the aqueous phase of the silica-PVP/protease-treated samples. discrepancy in these results as compared with those of Malloy and coworkers (data not shown) may have come from the differing sensitivity of the different primer pairs or reaction parameters. j. National Veterinary Services Laboratory, Ames, IA. k. Athens Diagnostic Laboratory, Athens, GA. 1. Proteinase K, Merck, Darmstadt, Germany. m. Percoll, Pharmacia, Upsala, Sweden.
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